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Abstract

While the frequency dependence of the wireless channel raayebligible for narrow to wideband
signals, it has been shown that modeling this dependendeafuiiwidths in excess of 2 GHz improves
channel reconstruction up to 40%. Yet to our knowledge, ddfisch et al. have done so for the ultra-
wideband channel. Their benchmark frequency model howemesents the average dependence over
the collection of multi-path arrivals in the channel rattiean that of individual arrivals. Building on the
Geometric Theory of Diffraction, we propose a novel stoticafsequency model forndividual arrivals
according to the propagation events on their paths betweetransmitter and receiver. We extract the
model parameters from an extensive measurement campaig@00f channel frequency sweeps in four
separate buildings combined with raytracing simulati@m] show that ours fits the gathered data more
closely than the benchmark model.

Index Terms

Geometric Theory of Diffraction (GTD)

I. INTRODUCTION

Ultra wideband (UWB) signals are characterized by a bantiwgdeater than 500 MHz or one
exceeding 20% of the center frequency of radiation [1], J2je approval of the FCC unlicensed
band from 3.1-10.6 GHz in 2002 has prompted a concertedt effdthe extensive modeling of
the indoor UWB channel in recent years. Irahhauten [3] mtesia comprehensive overview of
indoor UWB measurements in the time and frequency domaihq49# [6], [7], [8], [9], [10],
[11]. Most references provide channel models charactimepath loss, small-scale fading, and

delay spread.
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Fig. 1. Block diagram of the measurement system using a veevork analyzer.

While the frequency dependence of the wireless channel neapdgligible for narrow to
wideband signals, it has been shown that modeling this digrere for bandwidths in excess of
2 GHz improves channel reconstruction up to 40% [12]. Yet tio knowledge, only Molisch
et al. have done so for the ultra-wideband channel. Theiclhmark frequency model however
represents the average dependence over the collectionlbfpath arrivals in the channel rather
than that of individual arrivals. This paper proposes a h®techastic frequency model for
individual arrivals.

The paper reads as follows: similar to [8], [9], [10], [11]e&ion II outlines our channel
measurement campaign consisting of a total of 4000 frequsweeps from 2—6.5 GHz in four
separate buildings. The Geometric Theory of Diffractio (I provides a basis for the frequency
dependence of individual arrivals according to the profiagaevents on their paths between the
transmitter and receiver. Building on this theory, the fashtribution of this paper is the GTD-
based frequency model in Section Il whose parameters aacterized from the measurement
campaign. While significantly more accurate than the beragsknmodel, it accounts only for the
geometry of the buildings and not the material propertiethefwalls. Section IV describes our
main contribution as an extension of the GTD-based modelrpurating the material properties
as well. The proposed model fits the gathered data more gléisah both the benchmark and

the GTD-based models as highlighted in the results Sectiofo\wing by our conclusions.



[I. PRELIMINARIES
A. The frequency-dependent indoor channel

The frequency-dependent indoor channel consists of anlgegduain representingd multi-

path arrivals indexed through [12]

— - i o —j2m fry
k=1 0

whereT, denotes the delay of the arrival in propagating betweenrtresiitter and receiver and

a; denotes the complex-valued amplitude which accounts ftin btenuation and phase shift
due to transmission, reflection, and diffraction introdiid®y walls (and other objects) on its
path. Thefrequency parameter o, quantifies the frequency dependence of the amplitude across
the bandwidth of the signal, wherg is the lower frequency. The frequency-dependent indoor
channel has been shown to improve reconstruction up to 46%dondwidths in excess of 2

GHz [12] relative to the conventional which assunags= 0 [13].

B. The measurement system

We measured the frequency response of the chaHiig) in the bandwidthf = 2—6.5 GHz
with sampling intervalA f. The discrete frequency spectrum translates to a signal petiod
Aif in the time domain [14]. Choosing f = 1.25 MHz allows for a maximum multipath spread
of 800 ns which proves sufficient throughout all four builgenfor the arrivals to subside and
avoid time aliasing.

Fig. 1 displays the block diagram of our measurement systemptete with component
specifications. The vector network analyzer emits a serfemrmes with frequencyf at Port
1 and measures the relative amplitude and phaséf) at Port 2, providing automatic phase
synchronization between the two ports. The synchronimatianslates to a common time ref-
erence for the transmitted and received signals. The lobteaanables variable positioning of
the conical monopole antennas from each other through@utest area. Their height was set

to 1.7 m (average human height). The preamplifier and powealien on the transmit branch

boost the signal such that it radiates at approximately 3@ d®m the antenna. After it passes



through the channel, the low-noise amplifier on the receranch boosts the signal above the

noise floor of Port 2 before feeding it back. The dynamic ranfj¢he system corresponds to

140 dB as computed in [9] for an IF bandwidth of 1 kHz and a SNR®1B at the receiver.
The Sy, (f)-parameter of the network can be expressed as a product df'tHeranch, the

Txz-antenna, the propagation channel, fRe-antenna, and th&x-branch

Sulf) = Hy!(f) HE' (f) - H(f) - Hy' (f) - Hygp (f) (2)
= Hp(f) HE' (F) - Hgg! (F)-H(f) - Hyg ()
Hamt(f)

The frequency response of the chanhkkls isolated by individually measuring the transmission
responsesiy®, H%? and H** in advance and de-embedding them from (2).

To account for the small-scale effects in the measurem@éntgach experiment we centered
a b x 5 grid constructed from a wooden plank on the floor about the inahocation of the
receiver antenna. The distance between the grid points Wwasni, corresponding to a full
wavelength at 2 GHz, ensuring spatial independence bettiemeasured points for a total of

25 sub-experiments.

C. The measurement campaign

The measurement campaign was conducted in four separdtiniggi on the NIST campus
in Gaitherburg, Maryland, each constructed from a domineait material varying from sheet
rock to cinder block. Table | summarizes the 40 experimemtsach building (10 line-of-sight
(LOS) and 30 non line-of-sight (NLOS)), including the maxim number of walls separating
the transmitter and receiver.

Spectral estimation methods [15], [16], [17] exist to depose the measured frequency
response of a sub-experiment inf6 arrivals parameterized a@, oy, 1) according to (1).
The chosen method becomes increasingly important with theepce of noise in the channel.
The SVD-Prony [16] and SVD-Eigenpencil [17] are two candidate methods robust to high levels
of noise. We compared the two in estimating the frequencgrpater of the first arrival known as

ay = 0 for free space propagation in the combined 40 LOS experisneain the four buildings.



TABLE |

EXPERIMENTS CONDUCTED IN MEASUREMENT CAMPAIGN

building wall material | LOS range (10)| NLOS range (30)
NIST sheet rock / 1.2-243 m 1.7-30.5m
North aluminum studs max wall#: 9
Child plaster / 2.0-15.7m 4.7-26.7 m
Care wooden studs max wall#: 6
Sound cinder block 3.4-450m 5.9-289 m
max wall#: 6
Plant steel 2.9-43.7m 4.9-32.3m
max wall#: 6

Qiu [17] claims that theSVD-Eigenpencil decomposition method works reliably above an SNR
of 15 dB which corresponds to 140 dB path loss for our measen¢rsystem (see [I-B). Hence
we filtered out the least significant arrivals with power belthe equivalent level ofl0~" in
linear scale. The averages and standard deviations ov@btike40 sub-experiments yielded,,

= 0.0912 antr,, = 0.1321 for theSvD-Prony method and.,, = 0.0387 andr,, = 0.0662 for

the SVD-Eigenpencil method, hence we implemented the latter better suited tapplication.

[Il. THE GTD-BASED FREQUENCY MODEL

The Geometric Theory of Diffraction has been invoked in ctercharacterization [12], [17]
to interpret the frequency dependence of an individualalraccording to the sequence of
propagation events on its path between the transmitter @celver. The theory states that each
event of the propagation mechanisms classified in Table trifmtes a component” to the
aggregate frequency parameterof the arrival [18]. The four buildings in the measurement
campaign are void for the most part of cylindrical objectstsas rounded columns or furniture
with dimensions comparable to the signal wavelehgiiowing us to disregard cylindrical face
and broadside diffractions as confirmed through the measemecampaign in which we recorded

no arrivals with negative frequency parameter. Cornerralitions can be disregarded as well

'The lowest frequency in the bandwidth translates to a wagtfeof 15 cm.



TABLE I

THE GTD-BASED COMPONENTS OF THE FREQUENCY PARAMETER

propagation mechanism af
free space 0.0
transmission 0.0
reflection 0.0
edge diffraction 0.5
corner diffration 1.0
cylinder face diffraction -0.5
cylinder broadside diffractior] -1.0

since the cumulative surface area of corners with respeetges is negligible in modeling the
significant features of the environment.

Henceforth we shall consider only the significant composiént’, ot, o) of Transmission,
Reflection, and edg®iffraction. The GTD-based model then reduces the frequgrazameter

of an arrival to the sum of the components of each event onaitis pr
a=al l1+a - m+ad” n, 3)

where the arrivabrder (I, m,n) represents the number of transmissions, reflections, dfrddi
tions respectively. So as to complete the model dorwe formulate a stochastic process for
(I,m,n) in the remainder of this section.

Consider an arrival which undergoes a series of propaga&tients on its path: once an event
occurs with delayr, the delay of the next event+ AT depends only on the randomly-located
objects throughout the environment rather thanropmeaning that thenterevent delays Ar are
independent of each other. The Poisson process [19] mokisidéhavior which is governed

through the probability density function fakr
FIATIA) = Ae ™47, (4)

Wherei represents the average delay between events.



Now the probability that a total of+m+n events have occured on a path arriving with delay

7 follows from (4) as

e—)\ﬂ—()\,]_)l+m+n

(5)

p(l+m+n|T, \) = T+m+n)]

Further given that+m+n events have occured/, m,n) are Binomial random variables with

respective probabilitiep” +pf+p” =1 [19], so

(I+m+n)!

p(lm, nll+m+n) = —— = (p")' (p™)" (p7)" (6)
Finally the sought probability(i, m, n|7, \) of exactly ! transmissionsin reflections, andn

diffractions on a path with delay is determined by substituting (5) and (6) into

p(lm,nlr,A) = p(l,m,nli+m+n) - p(l+m+n|r,\) (7)
€—>\TT(>\TT>Z €—>\RT(>\RT>m e—ADT(ADT)n
Il ' m! ' n!

pUlr, AT)  p(mlr, A%)  p(n|7, AP)
and rearranging such that’ = p”\, \® = p®\, and \P = p”\. This means that provided
the parameterg\”, \*, \P), the reconstructed arrival order is drawn from independ@&isson

random variables
'~ Pluy =7, op =VATT)

m o~ P = N7, 0y = VART) . (8)

n' ~ Py = N1, 00 = VAPT)

A. Extracting the \P-parameter

Since edge diffraction defaults as the only significant pggiion mechanism with nonzero
componenin”’, transmissions and reflections have no effectaorSo from (3), the number of

diffractions on the path of an arrival directly maps to iteduency parameter as
a=0.5-n. 9)

As a result, the\”-parameter alone completely specifies the model.



In order to estimate\”, the arrivals from each sub-experiment in II-C were grouped
gether for each building into a measured (M) sample sef(gf total arrivals parameterized
as (ay, a, 7). Given the delayr;, and the observed diffraction ordey, = % from (9) in the

sample set, the Maximum Likelihood Estimation (MLE) [20¢Ms

K K

MW =S/ S (10)

k=1 k=1
With A\ known, the reconstructed order is a Poisson random varidbfiernished through (8);
the reconstructed frequency parameter followsnas= 0.5 - n’. Observing the sample set, we
noticed that the frequency parameter on average increaghsawival delay, a phenomenon
consistent with our model. This means that a path with a lonigéay will on average have
undergone more diffractions on the propagation path.

The weighted mean-squared error
1 Ky

. (o — ap)?

= 11
Ky i Tk (1)

gauges the fit between the GTD-based model and the sampldtsetweightw, = % is
proportional to the inverse of the varianeé,k = (0.5 0n)* = (0.5- VAP7y,)? typically used
to leverage more reliable points. The values for Meparameter of the GTD-based model and

the associated error for the four buildings appear in Table Ill.

V. THE PROPOSED FREQUENCY MODEL

The Geometric Theory of Diffraction was developed to chimaze the salient features of
metal objects such as corners, edges, and curves from radtersng [18]. The underlying
assumption of infinite conductivity renders the frequenayameter dependent only on the object
geometry. The theory breaks down for materials with finitenduactivity for which material
properties and incident angle of diffraction also influeneg21], compromising the values
for o” in Table Il and so potentially weighing in the dependenceshefother two dominant
propagation mechanisms of transmission and reflection.

In this section, we extend the GTD-based model to accounbdthh geometryand material

properties agverage effects over the incident angles of the propagation mesiasi To this end,



the proposed model relaxes the prescribed valuéadfa’?, o) to allow generica-parameters
in (3) instead. The values for the-parameters of the proposed model are found empirically in

the sequel through the measurement campaign combined ayitracing.

A. Extracting the \-parameters

In the GTD-based model only the diffraction mechanism igjdiency dependent. It follows
that the diffraction ordern, of an arrivalk can be observed directly from,, making it easy
to calculate\” through (10). Conversely, the ord€l,, m;,n;) in the proposed model cannot
be observed fromy,, especially when lacking values for thheparameters. Rather we resort to
the Wireless System Engineering Tool (WSE) [22], [23] to estimate the\-parameters in (7) by
simulating the sub-experiments in [I-C through radio-fregcy raytracing. A computer-aided
design (CAD) of the building characterizes the propagagamironment while the positioning
of the transmitter-receiver pair in the building differetes each sub-experimér(see Fig. 2).
In principle three-dimensional raytracing can produceuaate results provided a detailed CAD
model coupled with exact building material properties asrall frequencies in the investigated
band, but in practice simplifications through visibilityagshs or rayshooting are necessary to
achieve computational feasibility [24], [25]. Moreoveg bur knowledge there exists scarce
literature on measured building properties across theawide band [26], [27], [28], [29].

Despite its limitations, German et al. have shoWE to be in excellent agreement with
empirical measurements, at least in terms of the arrivagésimnd angular spread, the former of
interest to us [30]. This is because the interevent delagigraturn the\-parameters depend only
on the geometry of the environment and not on the materigbgatees or operation frequency.
The operation frequency does however change the dielgotierties of the walls in attenuating
the amplitude of the arrivals with each propagation evend, as a result affects the number of
arrivals delivered when specifying the receiver threshmdadver. Since the raytracing tool only
runs at a single frequency as opposed to wideband operat®set the raytracing simulations

at the center frequency 4.25 GHz of the bandwidth for whiah dielectric properties of the

2The CAD models lack office furniture present during the meament campaign.
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Fig. 2. CAD model of theNIST North building.

walls are available in [26]. We also set the power threshqglaaéto10~7 as in the measurement
campaign. Other relevant settings are the transmissiorpof\80 dBm and the omni-directional
emission pattern of the antennas as in 1I-B.

The raytracing tool directly generates the impulse respasfsa sub-experiment described
by a train of K arrivals with complex amplitude and deldyy, 7). Of course knowing the
propagation mechanisms on the path, Y&E raytracing software has an option to furnish the
order of the arrival(ly, my, ni,). Parallel to lll-A, a simulated (S) sample set &% arrivals is

gathered from all the sub-experiments in a building from ckhihe MLE for the\-parameters

yields
AT AR ADPY = S l S 12
( ) ) )_Z(k7mk7nk> ZTk- ( )
k=1 k=1

B. Extracting the «-parameters

The A-parameters found above leverage the occurrences of the fliopagation mechanisms
in (3). Now the same measured sample sekQf arrivals parameterized d8, oy, 1) used to
estimate the\”-parameter of the GTD-based model in IlI-A is used here torege rather the

a-parameters of the proposed model. The dejagf arrival £ maps to the expected reconstructed
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TABLE 1l

PARAMETER AND ERROR VALUES OF THE THREE FREQUENCY MODELS

GTD-based mode Proposed model Benchmark model
building AP(L) e(p%) AT(L),a” | ME(L),aR | AP(L), 0P e(p%) Ql0s | o NLOS e(p%)
NIST North 0.037 1.400 || 0.028, 0.124| 0.042, 0.092| 0.013, 0.694| 0.279 || 0.052 | 1.191 3.181
Child Care 0.043 1.924 || 0.033, 0.215| 0.054, 0.069| 0.017, 0.536| 0.645 || 0.094 | 1.965 4.306
Sound 0.031 7.039 || 0.015, 0.621| 0.038, 0.051| 0.013, 0.424| 2.324 || 0.022 | 3.644 | 17.871
Plant 0.013 | 0.893 || 0.000, N/A | 0.217, 0.012| 0.009, 0.452| 0.723 || 0.013 | 0.078 | 2.430

order (Mz;,Mm;,Mn;) through the A-parameters in (7); the expected reconstructed frequency
parameteraj, = o’ -y + ' - i 4+ P -,y follows from (3). The valuega”, a”, a”)
can be found by minimizing the weighted mean-squared esee (11)) between the proposed

model and the sample set

1 Bum (o — af)?

Ky o Tk

(13)

min e
ol ol oD

The values for the\-parameters and the-parameters of the proposed model and the associated

error e for the four buildings appear in Table III.

V. RESULTS
A. The benchmark frequency model

This section compares the proposed model to the GTD-baseklmend also to the bench-
mark model in [11]. In the latter, the frequency parametgresents the average dependence
over the collection of arrivals rather than that of indivadwarrivals, makinga, = o path-
independent. Accordingly the-parameter is extracted from the measured sample set i IlI-
using the technique described in [11]. The technique regltmeurve fitting thex-parameter to

the amplitude of the measured frequency responses. Thehtgdignean-squared error for the

benchmark model is

1 Bum (o — )?

e (14)

=
and the values for the-parameter and the associated ermdoor the four buildings appear in

Table IlI.
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The benchmark model discriminates between LOS and NLOSittonslin computing separate
9% and oV 9% for each of the four buildings. In LOS conditions, the sigeiength of the
first arrival is generally much stronger than the subsequetite multi-path profile, and so its
corresponding frequency parameter = 0 contributes significantly more than the othersatp
hence biasing"“° closer to 0 compared ta’V*©%, Rather the path-dependent GTD-based and
proposed models can discriminate between the two condifpoecisely by explicitly setting the

respective probabilities to

p(n=0|m, \P)={1, LOS, k=1 (15)
1, LOS, k=1
p(I=0,m=0,n=07,, A", A", \P) = $ 0, LOS, k > 1

0, NLOS

B. Comparing the three models

The benchmark model does not account for the average ircirabe frequency parameter
with delay observed in the measured sample set in Ill-A. Inseguence, the model parameter
« tends to be higher than the sample value for paths arrivingeean the profile and lower for
paths arriving later. This justifies the poorest fit of theetiimodels as quantified through the
error values in Table IIl. While the GTD-based model does account for terage increase in
the frequency parameter and in turn delivers a smaller ¢h@m the benchmark, it still assumes
frequency dependence solely on the diffraction mechanisros& component value” = 0.5
proves valid only for materials with infinite conductivitihdeed, amongst the four buildings it
yields the least error iPlant with steel walls.

The proposed model relaxes the GTD-based assumption bypimrating parameters to char-
acterize lossy materials as well, offering the greatestilfliéty to fit the sample set with the
smallest error. Even so, the proposed model in comparsitresses only a mild improvement in
Plant. The raytracing software returng = 0 in this building, indicating no wall transmissions
through metal; in contrast, the relatively large value\§f with respect to the other buildings

mirrors the high reflection coefficient of steel which maingathe arrivals above the power
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threshold in IV-A longer, delivering many closely-packedials at the receiver. In fact, even
though the paths cannot penetrate walls, the combined Issgreagth of the arrivals measures
greatest in thd’lant building due to the amount of power reflected back to the vecei

The characterization of building materials across the U\WW8csrum compiled to date provides
some insight on thex-parameters extracted in the proposed model. Sagnard neeasie
complex permittivity of eight typical wall materials fordquencies in the band 8-12 GHz [27],
including plaster and concrete with properties similar e tvall materials inChild Care and
Sound respsectively. The study reports a small negative frequdependence of the permittivity
for all materials. Mugaibel found concurrent results in hisalysis of ten wall materialaup to
15 GHz [28], including sheet rock and cinder block. Sincerefection coefficient of a material
increases with the magnitude of its permittivity [31], thadies suggest a weaker reflected signal
at higher frequencies, a phenomenon consistent with thdl grelative to o’ and o”) positive
values ofa® throughout all four buildings.

The penetration loss of a material quantifies the reductigmower when transmitting through
the specimen with respect to free space [26]. The transomigsarameten’ gauges the fre-
guency dependence of the penetration loss, analogous &ape of the penetration loss versus
frequency. Zhang reports a slope of roughly 1.5 dB/GHz fasfgr and 2.5 dB/GHz for concrete
up to 10 GHz [29], while Muqgaibel reports much smaller valoé®.02 dB/GHz for sheet rock
and 0 dB/GHz for cinder block. Keep in mind that the specimerged both in composition and
thickness, as did the testing procedures. As Zhang, we fsigndficant frequency dependences
of ol in sheet rock, plaster, and cinder block as did we notice ahnstionger dependence in

cinder block (composed from concrete and cinders) relatvplaster.

VI. CONCLUSIONS

Building on the Geometric Theory of Diffraction, this papdgvelops a novel model for the
frequency dependence of individual multi-path arrivalsairchannel based on the number of

transmissions, reflections, and diffractions on their paibtween the transmitter and receiver.

3Except for brick which showed a small positive slope.
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In order to extract the parameters of the model, we conduzteltennel measurement campaign

composed of 4000 frequency sweeps from 2—-6.5 GHz in fourragp®uildings coupled with

raytracing simulations. The proposed model fits the gathel&a more closely than existing

models, moreover its parameters characterizing the fregudependence of the building mate-

rials are consistent with values previously recorded fer cbmplex permittivity and penetration

loss of those materials.
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